ABSTRACT
INTRODUCTION
At least 65 independent catalytic RNAs (ribozymes) have been previously isolated by in vitro selection from random sequences (1) . These ribozymes were isolated by virtue of their ability to promote a self-ligation reaction designed to be analogous to chain elongation by 1 nucleotide (nt) during RNA polymerization. With mutagenesis and continued selection descendants of some of the original ligases came to dominate the ribozyme population and ribozymes emerged with self-ligation rates millions of times faster than the uncatalyzed rate (1) .
We recently described seven of the more successful ligase sequence families (2) . Although each sequence family clearly descended from a different ancestral sequence within the original random sequence pool, the seven sequence families can be grouped into three structural classes. Among the three classes, the class I ligases are unique in their ability to generate a 3',5'-phosGenBank accession nos U26407 and U26413 phodiester bond at the junction of the ligated RNAs. The class II ligases (families A, C, D and F) are differentiated from class III ligases (families E and G) based on the substrate-binding modes, primary sequence motifs and proposed secondary structures. As with other structured RNAs (3) (4) (5) , comparative sequence analysis was invaluable for predicting the defining features of the class II and class III ligases (2) . However, because the class I ligases were represented by only a single family of four very similar isolates (sequence family B), this method could not be utilized to deduce the important features of the class I ligases. To compound the problem, the shortest active class I derivative obtained by simple deletion mapping and boundary experiments was still a relatively unwieldy 186 nt in length, at least twice as large as the shortest class II or class III truncation derivatives (which were 78 and 93 nt respectively; 2). In vitro selection protocols have been developed to isolate a diverse set of functional sequence variants suitable for detection of conserved and co-varying bases (reviewed in [6] [7] [8] . We employed this approach to elucidate important features of the class I ligase.
Two important findings arise from comparative analysis of the new class I sequences and associated experiments. (i) The structure of the class I ligase is remarkably complex. The fact that a such a large ribozyme emerged from a very limited sampling of possible RNA sequences is significant, in that it implies the existence of a very large number of other distinct RNA structures of equivalent complexity and activity (2) . Here we report experimental proof for the secondary structure model ofthis new ribozyme. (ii) Optimized versions of the class I ligase are very efficient; a version capable of multiple-turnover ligation has a kcat of 100/min, far greater than that of most natural RNA catalysts and approaching that of comparable protein enzymes (2) . Here assayed in 2 mM rather than 10 mM MgCl2.) After four rounds of selection the amplified cDNA was cloned (T-Vector kit; Novagen) and individual clones were sequenced.
RNA preparation
All cloned ligase RNAs were transcribed from PCR-generated DNA templates. DNA templates for bh, bl-10, bl-200 and Table  1 constructs were generated by amplification of the bl cDNA clone, using primers that produce the desired base changes or truncations. The DNA templates for each of the selected variants (bl-101-bl-126) were generated by PCR amplification of the cDNA clones, followed by restriction digestion with SspI, which trims off >80% of the 3' primer-binding segment from the PCR product ( Fig. 1 (Fig. 1 A) . During self-ligation of the class I isolate the terminal 3' hydroxyl of the substrate oligonucleotide attacks the 5' triphosphate of the leader sequence, displacing pyrophosphate, with concomitant formation of a 3',5'-phosphodiester bond (2) . The substrate oligonucleotide and the 5'-terminus of the ligase leader sequence were designed to be aligned by Watson-Crick pairing to U1O-G18, a 9 nt segment within the leader sequence (Fig. A) . Mutagenesis experiments indicated that Watson-Crick pairing of the substrate oligonucleotide with segment G13-G18 was important for efficient self-ligation of a class I isolate, clone bI (Table 1) . Mutations within the substrate oligonucleotide or within segment G13-G18 of clone bI abolished activity; combining the mutant RNAs to restore predicted pairing restored activity to a detectable level, though not the starting level. A similar relationship between segments G1-A3 and U10-C12 could not be established (Table 1) . Therefore, the only structural information available at the time ofconstruction of the degenerate pool was the site of substrate oligonucleotide pairing. 
Pool design
Deletion mapping and boundary experiments revealed that the class I ligase spanned most of the 220 random sequence positions of the original pool (2). The minimal truncation construct generated by this analysis (construct bl-10) was 186 nt in length. This sequence served as a starting point from which to synthesize a degenerate pool in which 172 of the 186 positions were partially mutagenized (Fig. 1) . Sequencing of randomly cloned DNA templates from this initial pool indicated that, on average, 79% of the 172 mutagenized positions were the same as the starting sequence, 20% were point substitutions and 0.7% were deletions. The 6 nt segment (Gi3-Gi8) known to hybridize with the substrate oligonucleotide was not mutagenized. Eight other potentially relevant positions were not mutagenized for technical reasons: the DNA template for this pool was made by linking two shorter pools (Fig. 1 B) and segment C59-G64 was not mutagenized to facilitate this linkage. The first 2 nt of the pool (segment G1-G2) were also not mutagenized, primarily because T7 RNA polymerase strongly prefers guanosine at the first two positions of the transcript. A constant segment GIl-G2 also facilitated attachment of T7 promotor sequences to the amplified cDNAs during each round of selection (Fig. 2) .
Selection for active class I variants
Active ligases within the starting population of -10i4 different class I variants were enriched using the selection scheme illustrated in Figure 2 . After incubation with the biotinylated substrate, oligonucleotide molecules that had ligated themselves to the substrate oligonucleotide were retained on streptavidin beads. Following reverse transcription and elution of cDNA from the column, cDNAs derived from ligated molecules were preferentially amplified using a PCR primer complementary to the substrate region of the cDNA. The amplified DNA was cut with restriction endonuclease BcgI, which removed the substrate sequence, leaving a 3' overhang that facilitated addition of oligonucleotides representing the T7 promotor. The ligated DNA was transcribed to produce RNA for another round of selection. After four rounds of selection the enriched pool of ribozymes ligated to the substrate oligonucleotide 20 times faster than the starting sequence. cDNAs were cloned and sequenced. A survey of 73 full-length clones revealed 26 sequences derived from independent members of the starting pool. Ligase ribozymes generated from these clones catalyzed self-ligation up to 700 times more efficiently than the starting sequence, bl-0 (Table 2) .
Comparative sequence analysis Sequences of the 25 ligases with at least the activity of the starting sequence were compared with the starting sequence (Fig. 3) . All the conserved residues fell within the first third and within the last third of the ligase sequences, whereas the residues within segment 65-131 varied at the rate of initial mutagenesis. A high number of the mutagenized residues (33 of 172) were invariant ( Fig. 3 ; Fig. 4A , pink residues). Because the chance occurrence of an invariant base was unlikely (P = 0.825 or 0.0038 per position), nearly all of the invariant residues must be important for catalysis. Interspersed among and flanking the invariant residues were 36 co-varying residues (broad-dashed pairs in Fig. 4A ), which revealed the secondary structure of the ligase (Fig. 4A) . The most striking co-variation occurred between residues of segment G36-C40 and those of segment G141-C145 (Fig. 3 , pink regions). The pairing of these two segments to form the proposed P3 helix was supported by the fact that 24 of the 26 mutations in these segments involved a concerted change from a WatsonCrick base pair in the starting sequence to a different WatsonCrick pair in selected ligase variants (Fig. 3) . Highly significant co-variation also supported pairing within stems P2 (Fig. 3 , light purple regions), P4 (light blue), P5 (green) and P6 (orange). [As with other ribozyme secondary structure models (9), P indicates pairing segments, L indicates loop and J indicates a joining segment between pairing segments.] The proposed requirement for the P7 helix (Fig. 3 , gray regions) was less obvious, but still compelling. Within G151-C156:G163-C168, which is adjacent to the invariant C150:G169, most (17 of Figure 3 . A thick dash indicates evidence for pairing from co-variation. Green residues were not mutagenized; pink residues were conserved in all 25 sequences (P = 0.0038); blue residues were semi-conserved (i.e. identity was constrained to the starting sequence and only one ofthe three point substitution possibilities, P = 0.084); boxed residues switched to the nucleotide shown in . 7 of the 25 sequences (P = 0.0029). A pink dash indicates pairing was conserved in 2 24 of the 25 sequences (P = 0.0022); a black dash indicates pairing was conserved in 2 22 of 25 sequences (P = 0.042). (10) . Altematively, now that a secondary structure model is in hand, it would be possible to choose specific patches of the ligase for complete randomization (11) (12) (13) (14) (15) (16) (17) (18) or to select for second-site suppressors (19) . The only non-Watson-Crick interaction suggested by analysis of variation in the selected clones involved residues at the base of P2 (positions 11 and 178). In all but three of the selected clones Cll:A178 of the starting sequence changed to All:A178 (19 clones) or C1l:T178 (three clones). The predominance of the CllA mutation suggested that the All:A178 combination confered an increase in activity. Indeed, RNAs with the Cl lA change were typically 30 times more active than the otherwise identical parent molecules (results not shown).
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Designed constructs
We sought to determine whether other changes seen at a high frequency in the selected clones could confer increased activity to the starting sequence. As with CI1, the identity of G26, G52 and G185 changed to an adenosine very frequently (14, 15 and 14 clones respectively). The bl-201 construct, which incorporates all four changes (ClIA, G26A, G52A and G185A), was 200 times more efficient than bi-O0, the starting sequence (Fig. 4B ). Constructs were also generated to determine whether non-conserved segments were expendable in the bl-201 background. Nucleotide identity within the 70 nt L5 loop was not conserved. Replacement of this large loop with a UUCG stable loop (20) led to a modest ( ' 2-fold) increase in ligation rates (compare bl-202 with bl-200 in Fig. 4B ). Segment 20-24 and L7 were also not conserved; deletion of segment 20-24 and replacement of L7 also had modest effects on ligation activity (Fig. 4B ). An RNA (b1-206) in which all three non-conserved segments were replaced by tetraloops (L5 and L7) or deleted (segment 20-24) had nearly the same activity as its parent sequence, bl-201. Given the high level of conservation and non-random variation seen at the positions remaining in ligase bl-206, it is doubtful that more than a few additional nucleotides could be deleted from this 112 nt construct.
The most active designed construct, bl-207, differed from construct bl-202 at six positions that frequently change in the selected clones, including four positions involving critical base pairs. An essential Watson-Crick pairing that can be replaced by the other three alternatives with no consequence would have been replaced, on average, in one of 48 active sequences (3 x 0.0672/0.82). Yet in the 25 independent isolates pairs G36:C145 and G56:C133 changed to other Watson-Crick possibilities at a much higher rate (seven and five isolates respectively), suggesting that the original base pair was not the optimal Watson-Crick combination. Construct bl-207, which had alternative WatsonCrick pairs at these positions and a substitution at the hypervariable C19 and U29, was somewhat (six times) more active than the parent sequence, b 1-202, when assayed at low Mg2+ concentration (Fig. 4B) . A similar difference in activity was not seen at high Mg2+, but at high Mg2+ self-ligation ofboth constructs was >60% complete by 5 s, the first time point in our assay. Techniques more sophisticated than manual pipetting will be required to accurately measure self-ligation rates of these efficient ligases under such permissive reaction conditions. At 10 mM Mg2+ the observed rate of construct bl-207 self-ligation was 50 times faster than that of the bI isolate (Table  2 and Fig. 4B ) and >2000 times faster than the self-ligation rate of the ancestral sequence within the original random sequence pool that gave rise to the bl isolate (D. P. Bartel and J. W. Szostak, unpublished results). It appears that ribozymes selected directly from random sequences are far from optimal and more active sequence variants are easily accessible by a combination of in vitro evolution and enzyme engineering. The increases in self-ligation rates could not have reflected improvement in substrate binding, because self-ligation rates were assayed using a ligase concentration (1 gM) that was far above the Kd of the substrate-ligase helix (1) . It will be of interest to examine whether the rate increases can be attributed to a faster chemical step or to a faster conformational step. It will also be of interest to examine the extent to which the class I ligase is amenable to further sequence optimization, although this will require the development of selection strategies that differentiate between very efficient ligases.
